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Abstract:. 

Differential  ref l€?ctivity  A  R/R  rr.easure-ents  betv;enn  a  smooth 

Ag  surface  ai\d  the  same  surface  covered  by  silver  cie-posits  of 

various  thicknesses  were  performed  in  ultra  high  vacuu.T.  over 

the  1 . 5  -  5  eV  spectral  range  for  different  Ag  substrate  tem.peratures. 


One  silver  monolayer  oii  silver  substrate  at  125  K  gives  rise  to 
r^il.Htii.-oly  large  cl'.ange.s  in  reflectivity  i  !0  ^). 

For  thicker  deposits  (from  4  monolayers  up)  a  '••.•oil  defined 
absorption  at  3.5  eV  due  to  surface  plaston  excitation  is  found. 
The  experimental  results  are  comparec  to  co.tputu-d  values  of 
A  R/R.  Some  structures  found  in  the  vicinity  of  the  Ag  surface 
plasmon  frequency  are  interpreted  as  a  surface  piasmon  splitting 
due  to  the  surface  roughness. 

A  R/R  variations  during  samples  annealing  to  room  temperature  are 
also  investigated  and  compared  to  the  reported  d.c  resistance  cind 
SERS  measurements.  Roughness  was  also  investigated  by  electron 

microscopy  by  "pinning"  the  surface  at  T  =  140tC  with  a  superficial 
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oxyde.  An  additional  absorption  found  for  thick  ('v  10  A)  quenched 
silver  films  is  attributed  to  a  surface  effect. 
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I  -  INTRODUCTION 


A  largo  <ir:iaLint  of  v.ork  has  bsen  alreaCy  porfcr-  jd  in  ordor  to 
undorstand  the  optical  properties  of  a  flat  surfaco.  This  probleni 
is  pnrticulary  complicate  for  p-polaric^d  light  ar.a  a  careful 
dnaly;;i3  requires  d  non-local  forma L it;-,  cos;  or  i'o i  r. j  the  surface 
region  via  a  dielectric  function  depending  on  frequency  and  wave 
vector.  Nevertheless  in  most  practical  cases  the  classical  Fresnel 
formulas  are  a  good  description  of  the  roflectio.n  of  light  on  a  good 
metallic  mirror.  In  fact  a  flat  surface  is  an  abstraction  and  all 
real  surfaces  have  some  roughness,  on  the  light  wat'e-length  scale,  and 
this  is  the  real  incentive  to  the  study  of  roughness  effects  on  surface 
phenomena,  like  electronic  or  vibratic.nal  properties  of  molecules  on 
a  rough  surface. 

For  instance,  when  investigating  the  electronic  properties  of 
adsorbates  by  reflectivity  measurements  one  relates  the  observed 
absorptions  to  electronic  transitions  bet-een  electronic  states  of 

the  adsorbate  and/or  the  surface.  The  opt  Leal  ab.sorpc.io;i  of  a  molecule 
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is  given  by  Ir.  (aj  E  ,  where  a  is  the  r.olocule  polarizability  and 
E  the  field  seen  by  the  molecule.  Foedfiat  surface  Z  can  be  known 
from  the  Fresnel  formulas  and  it  is  usually  slowly  varying  with  frequency. 
This  is  not  the  case  for  a  rough  surface  where  optical  absorption 
depends,  besides  the  values  of  Im  (  a) on  the  values  of  E  at  the  molecule 
site,  the  resulting  effect  depending  on  the  average  of  the  local  fields 
for  all  adsorption  sites.  The  local  field  E  is  in  general  a  complicated 
function  depending  on  the  surface  shape.  It  can  reach  very  high  values, 
for  instance  in  the  neighbourghood  of  a  needle  like  in  lightning-rod  effec 

There  are  a  large  number  of  theorical  methods  to  investigate  the 
electromagnetic  properties  of  rough  surfaces  and  much  of  experimental 
work  has  already  been  devoted  to  the  caracterization  of  different 

kinds  of  roughness  using  light  waves.  Very  often  these 


with  roughness.  A  recent  theoretical  reviev;  can  be  found  in  the  paper 
by  Mar  uiudin  ( 1 )  ar\d  experimental  aspects  are  discussed  by  Raether  (2). 

A  simple  theory  very  often  used  is  the  "Scalar  scattering  theory 
This  considers  only  the  phase  modulation  of  the  incident  and  outgoing 
light  by  interface  shape.  In  t'ne  frame  of  the  scalar  theory,  the  scat¬ 
tered  light  and  the  specular  beam,  are  indopendsnt  of  light  polarization 
depending  on  the  roughness  height  only.  This  theory  is  a  long  wave 
limit  theory  and  does  not  take  into  account  the  possible  excitation 
of  surface  modes  which  are  the  ir.ai.n  effect  fou.nd  in  the  e.xperiments 
discussed  in  this  paper.  In  contradistinction,  rigourous  theories 
oused  on  the  e:-;t i.nction  theor.:;.,  requir=:  a  large  ar.'.O'unt  of  computa¬ 
tional  v.ork  even  for  periodic  gratings  leading  to  nu.T;erical  results 
which  are  not  always  very  accurate. In  order  to  interpret  the  results 
to  be  presented  here,  we  have  made  use  of  a  perturbative  theory  due 
to  Kroger  and  Kretschmann  (3) . 

In  the  past  most  investigations  were  devoted  to  electromagnetic 
field.;  far  from  the  surface,  but  in  ord-..r  to  under-.tand  the  optical 
properties  of  ad.sorbates  some  autiiors  have  studied  the  near  field 
on  reflecting  rough  surfaces.  The  near  field  for  silver  grating 
surfaces  of  different  shapes  was  already  computed 

An  other  approach  of  a  rough  surface  is  to  consider  a  protuberance 
on  a  flat  surface.  Berreman  (6,7)  considered  a  hemispherical  bump  on 
otherv/ise  smooth  surfaces  for  several  dielectric  material  in  the  elec¬ 
trostatic  approximation.  He  found  resonant  frequencies  related  to 
the  bump  modes.  Ruppin  (8)  com.puted,  again  in  the  electrostatic  appro¬ 
ximation,  the  electromagnetic  field  at  the  surface  of  a  hemispherical 
bump  on  a  flat  surface  for  Ag,  Au,  Na  and  found  fields  enhancement 
strongly  depending  on  the  light  frequency.  Gersten  and  Nitzan  (9)  studied, 
also  neglecting  retardation,  the  case  of  an  hemiellipsoid  on  a  perfectly 
conducting  plane  and  found  very  high  values  of  the  extinction  coefficient 
and  of  t)ie  electric  field  at  tlie  surface  dep'onding  on  the  hemiellipsoidal 
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shape.  Kerker  et  al  (10),  usiiiy  electro.Ta^ritihic  theory,  studied  the  scat¬ 
tering  of  plane  wave  by  a  Ag  sphere  and  found  again  a  resonant  behaviour 
as  a  function  of  frequency.  Witii  minor  modifications,  Kerker  et  al  (10) 
results  can  be  applied  to  a  hemisphere  on  a  perfectly  conducting 
medium.  Obviously,  in  thr?  general  case, a  rough  surface  cannot  be 
considered  as  being  made  of  isolated  protuberance  s,,  because  each  irrcgula 
rity  receives  the  fields  which  are  scattererl  from  the  neighbouring  bumps 
This  should  be  particularly  true  at  the  resonance  frequency  of  the  buitps 
Nevertheless  it  is  clear  that  a  rough  surface  can  support  localized 
electromagnetic  resonances  (surface  polaritons  resonances  localized 
at  the  surface  irregularities)  in  a  manner  similar  to  the  well  known 
resonances  on  colloidal  particles  (11).  This  point  was  probably  first 
demonstrated  experimentally  in  the  work  of  Beaglehole  and  Kunderi  on 
light  scattering  by  rough  surfaces  (12,13).  Recently  we  wereable  to 
estimate  the  field  enhancement  at  the  quenched  silver  film  surface  by 
measuring  the  reflectivity  changes  induced  by  Cu  adsorbates  for  0.1-1 
monolayer  coverage  ( 14) . 

An  other  effect  related  to  rough  surfaces  is  the  possible  exci¬ 
tation  of  surface  plasmon  v/avos.  These  propagating  surface  nodes  exist 
at  the  flat  surface  of  a  free  electron  natal,  but  cannot  be  excited 
by  light.  For  a  rough  surface  this  posibility  exists  as  first  pointed 
out  by  Fano  (15)  in  order  to  explain  the  Wood  anomalies  of  gratings. 
For  a  wave  impinging  a  flat  surface  at  an  angle  0  the  wave  vector  k 
parallel  to  the  surface  is  in  all  cases  equal  to  u)/c  sin0  whereas  on 
a  rough  surface  there  are,  beside  the  diffrated  orders,  with  wave 
vector  k<u)/c  leading  to  the  scattered  light,  other  wave  with  k<a)/c 
which  are  evanescent  in  the  direction  normal  to  the  surface  and 
with  a  wave  vector  parallel  to  the  surface  large  enough  to  excite 
surface  plasmon  waves.  It  must  be  underlined  that  this  kind  of 
excitations  are  propagating  modes  travelling  along  the  surfc'ice  in 
contradistinction  to  the  already  mentioned  localized  modes  at  the 
bumps . 


Another  interesting  phenomen,on  ocdirring  at  rough  surfaces  only 
and  not  yet  well  understood  is  the  surface  enhanced  Raman  scattering 


il 
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(SERS)  aifoi.-t.  Tt  is  ala, tr  now  thnt  a  ro'j'rl!  L’.:rr:;co  is  a  orercqa  i i  to 
to  tho  oocuronco  of  SERE,  Lut  not  all  rou./h  SLirfac.^a  yivo  rise  to 
SERS  anJ.  a  point  still  under  discussion  is  v/hat  kind  of  roughness  is 
involved  in  SERS.  An  ovcrvicv/  of  the  actual  situation  in  SERS  investiga 
tions  can  be  found  in  a  recent  paper  by  Otto  (18) .  SERS  was  first 
observed  on  Ag  surfaces  roughened  by  an  clectrochorr'.ical  treatment  (17), 
then  it  was  reported  on  silver  deposited  on  CaF^  (18)  a.nd  in  some  cases 
on  mechanically  polished  Ag  (19).  7v.notiler  method  to  obtain  surfaces 
with  very  high  ('v  10  )  Raman  cross-section  enhancement  is  by  quenching 
Ag  on  substrates  cooled  Ln  liquid  nitrogen  temperatures  (20).  An  optical 
study  of  this  kind  of  surface  has  already  been  briefly  reported  (21), 
and  will  be  developped  in  details  in  this  paper.  In  particular  v/e  are 
interested  in  the  roughening  of  silver  surfaev-s  bv  quenching  at  assut 
140K  small  Ag  deposits  (few  monolayers) .At  this  temperature,  many  fault 
are  created  during  the  crystal  growth  producing  some  roughness  on  the 
atomic  scale,  ti;e  roughness  becoming  macroscopic  for  thicker  deposits. 

To  study  very  small  roughness  producing  very  small  modifications  of 

-4 

ref lectivity ("v  10  ),  we  employed  a  differential  technic  Differential 

reflectivity  measurements  were  first  employed  to  investigate  the 
electronic  properties  of  diluted  alloys  (22,23)  and  also  for  surface 
roughness  studios  (12).  The  avantages  of  differential  measurements  of 
reflectivity  v.ere  used  by  several  groups  (24,25,26)  to  investigate 
gas  adsorption  on  surfaces  kept  under  ultra-high  vacuum. 

In  section  II  v/e  describe  the  experimental  set-up  :  the  ultra- 
high  vacuum  system  and  the  differential  ref lectometer.  Section  III 
is  devoted  to  a  discussion  of  roughening  induced  by  thin  silver 
deposits, the  annealing  of  these  deposits  being  examined  in  section  IV. 
Section  V  contains  a  comparison  between  experimental  results  and 
numerical  calculations  performed  with  the  Krdgor  and  Kretschraann 
formalisi.i.  Finally  we  investigate  in  section  V'l  the  topography  of 
quenched  silver  surfaces  and  tlieir  relationship  with  the  observed 
optical  absorptions. 


II  EXPERIMENTAL 


a)  The  ultra  high  vacuum  chamber 


Our  samples  are  prepared  and  studied  in  a  stainless  steel 

ultra  high  vacuum  system  working  at  pressure  in  the  low  10 

torr  range.  Pumping  is  assured  by  a  2001/soc  ion  pump,  a  titanium 

sublimation  pump  and  liquid  nitrogen  cryotraps.  .A  four-grid  LEED- 

Auger  spectrometer  with  a  grazing  incidence  electron  gun  is  currently 

used  for  Auger  surfaces  analysis.  Details  of  this  equipment  can  be 
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found  in  ref  (27)  .  A  high  precision  goniometer  ('t  4  10  degrees) 
allows  to  perform  optical  measurements  as  a  function  of  the  angle 
of  incidence,  for  different  polarizations  of  light,  as  described 
in  ref  (27)  ,  but  the  results  v/liich  will  be  presented  in  this  paper 
were  performed  at  normal  incidence  only  .  Another  facility  of  this 
equipment  is  to  allow  Raman  studies  with  a  spectrograph  especially 
attached  to  the  vacuum  chamber. 

b )  Samples  preparations 


The  Ag  surfaces  and  superficial  layers  of  Ag  ,  A1  and  Cu 
have  been  prepared  evaporating  these  metals  on  glass  or  fused  silica 
substrates  with  two  crucibles  located  at  a  distance  of  approximately 
33  cm  from  the  substrates.-  Carefully  polished  glass  or  fused  silica 
plates  are  placed  on  a  copper  holder  cooled  by  a  copper  plate  in 
contact  with  a  small  liquid  nitrogen  reservoir.  To  ensure  a  batter 
thermal  contact  several  indium  tips  are  inserted  betv/een  the  Cu  holder 
and  the  silica  substrate.  The  temperature  is  measured  at  the  glass/ 
vacuum  interface  by  a  Cu-constantan  thermocouple.  Temperatures  as  lo'w 
as  120  K  are  generally  obtained.  When  stopping  the  pumping  on  the 
capilar  ensuring  the  filling  of  the  liquid  nitrogen  recipient,  room 
temperature  is  reached  in  about  3  hours.  Glass  or  silica  substrates  are 
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clt-'anocl  with  a  niothod  currently  employed  in  the  laboratory.  It 

consists  in  rubbing  the  surface  with  a  mixture  of  scdiun  hydroxydo 

and  calciu-t!  carbonate,  then  rincing  with  H  and  finally  with 

desionized  water.  The  crucibles  are  shielded  by  cold  liquid  nitrogen 
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walls.  The  pressure  dur  ing  metal  depos’-tion  is  lower  than  10  torr. 
The  monitoring  of  the  thickness  of  the  metal  deposits  is  performed 
with  a  5  MHz  sloan  oscillating  quartz  located  at  about  21  cm  from 
the  crucibles  in  order  to  increase  the  sensibility  of  the  thickness 
measurements.  A  shutter  ailov/s  to  evaporate  on  tr.e  whole  surface  of 
the  sample  or  just  on  one  half  as  neede;:  for  differential  reflecti¬ 
vity  measurements  which  will  be  discussed  later.  Depending  on  the  •. 
position  of  this  shutter  it  is  possible  to  evaporate  at  the  same  time 
on  the  sample  and/or  on  a  spare  glass  plate.  The  thickness  of  the 
metal  film  on  the  spare  glass  is  determ.i.ned  with  approximately  lo 
accuracy  by  .X-ray  interference  in  rcflectio;i  at  grazing  incidence 
(Kiessig  method  (28)  ).  These  measurem.er'. ts  allov;  the  accurate  cali¬ 
bration  of  t’ne  quartz  microbalance.  Typical  values  of  this  calibra- 
ti-on  .ire  14  pz/  A  for  .Ag,  12  fo;  Cu  .■w.a  3,7  Uz/,\  for  A1 .  In 

the  present  experiments  we  did  not  perforra  the  quartz  inicrobalance 
calibration  for  each  experiment,  therefore  the  i.ndicated  thickness 
are  estimated  to  5  % .  The  surfaces  under  investigation  are  those  of 
Ag  films  cibout  O.  1  pm  thick  evaporated  on  substrates  kept  at  room 
temperature.-  T’ne  silver  films  are  made  of  many  nicrocrystals  with 
lateral  dimensions  about  0.5  ym  with  the  axis  [111]  nearly  perpen¬ 
dicular  to  the  substrate  surface  but  randomly  oriented  on  the 
■substrate  planes.  Therefore  our  surfaces  wail  'o-'':'.ave  essentially 
as  (1,1,1)  single  crystals  surfaces.  Microstereographic  studies 
of  carbon  replicas  of  sexmples  similar  to  ours  (29)  indicated  that 
-oughne;:.;;  is  definitely  smaller  than  30  A,  tlie  main  irregularities 
occurring  at  the  grains  boundaries.  The  investigation  of  the  rou^h- 
ning  of  these  rather  smooth  surfaces  by  quenching  cat  T  =  140  K 
various  amounts  of  silver  is  one  of  the  aims  of  the  work  described 
in  this  paper. 
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C-  Optical  set-up 


The  principle  of  the  set-up  usea  for  d i i f ■ -ren t ia 1  reflectivity 
experiments  is  represented  on  fig.l.  A  r.onoc'arorna t ic  beau  is  focuied 
on  a  mirror  vibrating  at  800  H 2:  (manufactured  by  General  Scanning,  model 


G  112)  whic'n  sends  the  beam  un  and  d.o.;p.  cn 


r<.'  1  ii-cting  s^ir.ple  . 


The  beam  is  alternatively  reflected  on  f.;o  halves  of  a  sample  (A  anc  B) 
having  a  small  difference  on  reflectivity  (R^  /  Kj^)  before  being 
focused  on  a  photomultiplier  (PM) .  The  vibrating  mirror  and  tiie  photo¬ 
multiplier  being  optically  conjugated,  the  l.’eams  reiloctod  by  the  A 
and  B  areas  of  the  sample  impinge  on  th.e  same  point  of  the  photomul¬ 
tiplier  and  this  is  a  necessary  conditicr.  in  order  to  avoid  spurious 
signals.  A  feed  back  on  the  high  voltage  of  the  phcifomultiplier 
maintains  a  constant  mean  value  of  the  delivered  current  as  usual  in 
modulation  spectroscopy.  A  lock-in  amplifier  detection  at  the  frequency 
of  tile  vibrating  mirror,  combined  with  th.e  r.-int iom.ed  feed  back  on 
the  PM  high  voltage  supply  gives  a  signal  proportional  to  A  R/R  -  2 
(R^-R^-^)/ (R^iRp^)  .  In  order  to  have  aboolut-;  v.aluoc.  of  A  R/R,  wo  need 
a  calibration  operation.  This  is  performed  with  a  spec tropho tone 
included  in  the  apparatus  and  allowing  to  measure  absolute  values  of 
the  reflectivity.  We  will  return  to  t’uis  point  later.  T'no  insert  indi¬ 
cates  the  shape  of  the  photomultiplier  output.  The  details  of  the  optical 
mounting  are  represented  in  figure  2.  The  sample  is  located  at  the 
center  of  the  U.H.V  system  and  the  same  window  is  used  for  the  antrance 
into  and  the  exit  of  the  light.  We  have  used  a  .Xe  lamp  (Osram  X  B075) 
in  the  0.28  -  0.4  pm  spectral  range  (S.^)  and  a  W-ribbon  source  (Osram 
250  W)  (S.j)in.  the  0.4-0. 9  pm  region.  The  ir.o.nochrornar.ar  is  a  Coderg 
(f  =  0.3  m)  of  aperture  f/^  equipped  witii  a  holographic  grating 
(1800  lines/mm)  with  great  efficiency  at  250  nm  a.nd  a  grooved 
grating  (1800  lines/mm)  blazed  at  550  n:n.  The  mirrors  m^  and  ra^ 
provide  an  image  O'  of  the  monochromator  slit  0  on  the  vibrating 
mirror  M,  The  vertical  dimension  of  the  ouput  slit  was  limited 
to  approximately  0,5  mm  and  the  imavge  O'  on  the  vibrating  mirror 
M  is  about  2x2  mm.  The  mirrors  and  focuse  the  oscillating 
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beani^afrer  ro f loctio:’.  on  the  nainple,  or.  the  P.M  (PMI  96t90ii).  A 
ground  fused  silica  plate  is  located  ir.  front  of  the  P'-I  photocnthOi.ij 
in  order  to  tninimizo  any  spurious  effects  duo  to  the  vibrating  be-.io.. 

A  beam-splitter  M'  can  bo  inserted  in  the  path,  of  th.o  optical 
beam  to  collect  part  of  tiie  incident  light  a.n  1  to  allov;  measuring  •..‘ith 
a  double  bean  technique  trio  absolute  valse  of  Idie  reflectivity.  Tne 
chopper  C  modulates  at  different  frequencies  ths  tv.-o  beams  before 
reaching  the  photomultiplier  and  lock-in  amplifier  detections  with, 
feed-back  preamplifier  control  allow  to  orstain  the  intensity  ratio 
of  the  beams  (see  ref.  27).  Cal  ibratic.ns  of  differential  spectra 
are  obtained  with  mirror  M  at  rest  by  measuring  the  reflectivity  on 
areas  A  and  B  of  the  sarr.pl«>  (position  up  and  dow.n)  when  the  reflec¬ 
tivity  difference  between  them  is  high  enough  to  have  a  good  accuracy 
(typically  10  to  20  %).  Ms  sliould  like  to  point  out  this,  method  which, 
allows  calibration  of  differential  spectr,?.^  general  ly  a  difficult  task 
with  a  reasonably  good  accuracy  (^'^  2  %) , 

III  -  THIN  SILVER  DEPOSITS  ON  SILVER 

In  a  first  series  of  experiments,  we  have  prepared  thin  films 
about  0.1  pra  thick  by  condensing  silvei  onto  well  polished  fused  si¬ 
lica  substrates  kept  at  room  temperature.  The  structure  of  these  films 
was  discussed  in  chapter  II.  We  will  indicate  later  that  in  the 
neighbourhood  of  the  plasma. frequency  films  even  as  thick  as  0.1  pm 
cannot  be  considered^ from  the  optical  point  of  view^ as  semiinfinite 
media,  but  this  fact  is  irrelevant  for  the  problems  investigated  on 
this  paper.  We  did  not  prepare  thicker  films  in  order  to  avoid  trans¬ 
mitted  light  at  the  plasma  frequency  because  we  were  interested  in 
starting  with  a  surface  as  flat  as  possible  and  generally  roughness 
increases  with  film  thickness  (30).  In  order  to  invc.stigate  the  early 
stages  of  roughening  of  a  Ag  surface  we  have  prepared  simultaneously 
at  room  temperature  two  Ag  surfaces  which  were  aftenv-ards  cooled  to 
about  140K.  At  this  temperature  we  have  quenched  on  half  of  the 
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various  <!;r;:)i.;ntG  of  aiivo;  in  t;r  !  r  carry  out  i!  i  r  i-;r-jn‘.i  ;  1 
reflectivity  ineasnrener.ti; .  fij  3  shove  i.S/R  vt  li^'  ;::eas'areu  with  a 

a 

Aq  sabstrnte  83A  A  thick  at  'i  --  133  K  f,.r  aata^s^ts  of  2.6,  10.8 
19  .A  of  Sliver  (one  t.onoleycr  =  2.3o  AJ  quench  oh  at  a  rate  of  0.7  A/sec. 
To  understand  the  real  sic;n  i : -cance  of  to.jr,?  curves  one  s'nould  keep 
in  mind  that  A  R/R  gives  also  th.-_-  sr rucr ur^- s  of  R  ana  rem.-amh" r  that 
reflectivity  or  bulk  Ag  reache.s  v-ry  c:r.ail  values  in  the  vir;icity 
of  the  plasmif roquency  (  h.t;  “  3.79  eV)  leaui.ng  to  greatly  enhanced 
values;  of  A  R/R  even  for  very  small  AR.  V;:-?  i.nsort  in  fig  3  shows  the 

bulk  silver  reflectance  R  vs  r.-.’.  The  two  sharp  p-ea!:s  v;ith  opposite  signs 

0  e 

in  A  K/R  (for  10.8  A  and  19  A  they  are  t;--,-  arawing)  are  mai:''.'/ 

C»^10  v-O  I 


i 


i)  the  finite  thicknac-s  of  the  silver  s'-iostratc , 

i.i)  the  slight  differtr'. -e  in  optical  conr.ste.nts  between 
the  quenched  films  find  i)ulk  silver, 

i.i.i)  roughness  induced  by  the  silver  deposits. 

The  main  contribution  to  the  .A  P./R  structure  aroitnd  3.9  ev  arises 
from  the  first  two  contributions.  The  two  peaks  do  not  describe  any 
surface  effect  and  are  of  no  interest  to  tite  subject  investigated 
in  this  paper,  nevertheless  we  will  discuss  this  point  c'lgain  in  chapter 
V  with  the  help  of  some  numerical  calculatio.ns .  In  fig,  3  we 
notice  that  an  optical  absorption  due  to  the  surface  deposit  itself 
starts  at  hijj  =  3.S  eV  for  the  two  thicker  layers  (10.8  A  and  19  A) 
absorption  is  clearly  due  to  surface  plasr.cn  excitation  by  roughness^ 
a  point  v;ell  documented  today  (31).  In  chapter  V  v.e  will  clearly 
show  that  the  minimum  is  not  influenced  by  the  finite  thickness 
of  the  substrate  and  is  nearly  independen.t  of  the  optical  constants. 


It  was  indicated  above  that  our  surfaces  have  mainly  a  cristal- 
lograpiiic  (1,1,1)  structure.  Beside  faults  mainly  located  at  grain  - 
boundaries,  each  single  crystal  (about  0.1  pti  diameter)  has  large 
terraces  sep£irated  by  atomic  steps  with  a  large  number  kink  sites. 
Vlnen  a  foreign  atom  is  adsorbed  on  a  terrace  it  has  a  probability 
b  ^  to  migrate  to  an  other  site  given  by  u ^  exp(“E/kT)  where 


A 
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K  L-  -i:.  acr  ;  iu-  k  ^  L  j :  ir;n  co-^tant  an;; 

tcT.;,’ ;  a;-;;;-.'  ro:,y  ■^.  t;  i  v..' 1  y  .  I ' .  ;  i-  r^■;.  •  .  ; .  r-  n  ;  ;  t  ; -y  ::.aa  .  :;an  t  {'iy.) 
ha.v\-  'hat  Au  :;.:;Lati;a  aa-'.  _;;:j  cn  ;a  1  i 1 .  1  .  1 )  vicinal  surfaca:i 

r:iqra;<.'  at  t  (.arip-ral  ura^.  2C;%.  '..o  £..:.;lar  values  of 

nut  h  iw'  iuol.it'uj  aaa‘o::;a  cn  o.;r  .  .  hwarthat  nj  tr.--  crowt:.  ;;f 

nupur  tidal  layer  is  a  uyna-iu  p'.  ui.a;;.-':.  a:;  •..■itl’.  t-.D  c-onpetir.g  processes 
r.ac.jly  the  ato~s  condens  ition  on  an  an  at.,.-.  pc..ititr.  give.n  by  the 
cvapuratiu.n  rate  f  '  cln  and  a:i.itoc.s  ::.i  jr  a  do.''.  to  a  kink  site  positic.n 
covert', ed  by  tho  jutr.p  prob.abi  L  i  ;y  V  ^  exponentially  dependant  of 
tec.perar  ure .  Ch.;uvineau  (33)  has  recently  tirforr.td  a  cenputer  sir.u- 
laticn  of  crystal  ijrov;fh  o:i  vicinal  c.;;' .'ac-.s  •.■.'ith  a.  model  ’.-.•ith  random, 
r.igratic:-,  and  cottdor.sation  dtp-.  nd-ng  o;.  the  ratio  •:  -■  V^/f  only  and 
he  found  for  high  mobility  (liig'n  K)  r.o.n.layer  by  m.o.nolayer  growth 
dtia  a'O'.ic  rougi.ries;-;  oscillating  periodically  v.-iti.  tho  deposited 
tliickness  with  a  taonolayer  period  (flat  for  a  full  monolayer,  rcugti 
for  one  half  of  a  n.onola.'yer)  .  r'or  lew  .m.obility  a.n  increase  of  the  r.'i- 
croscopic  roiig't'.nes.s  wit);  fnickn-itss  ■..•as  found.  Tor  a  very  low  mobility 
(v^-  o j ,  We  t  xpC'Ct.  t.iat  ti:-'-  roct  ctean  scuare  or.  tne  rougnnsss  tioigr.t 

increases  iis  the  square  root  of  the  deposit  thickness.  Fig.  3  shows 
that  even  for  a  nonolayer  coverage  the  induced  roughness  induces 
inportant  optical  effects.  For  this  coverage  surface  plasnons  are  appa¬ 
rently  not  efficiently  excited.  V.'e  estimate  that  at  this  low  coverage 
the  observed  effect  is  related  to  the  surface  electronic  structure 
induced  by  atonic  faults  like  atoms  with  broken  bonds.  This  is  an 
interesting  point  which  should  be  investigated  at  liquid  He  temperature 
which  one  h  ;s  for  low  coverage^  a  large  numcer  of  isolated  adato.sis 
on  the  terraces. 

To  illustrate  the  influence  of  the  nobility  on  roughness  growth 
we  have  performed  the  same  kind  of  experiments  at  room  temperature  and 
the  results  are  indicated  in  fig. 4.  At  3.9  eVand  4,  lev  we  have  again  the 
tv/o  peaks  which  are  irrelevant  for  the  questions  discussed  here,  but  we 
have  also  an  optical  absorption  starting  at  3.7  eV  with  a  maximum  at 
3.6  eV,  and  clearly  related  to  surface  plasmon  excitation.  Vv’e  have 
thoroughly  investigated  whether  this  structure  originates  from  unex¬ 
pected  reasons  like  roughness  of  the  starting  surface  combined  with 
size  effects  and  we  have  concluded  that  the  minimum  at  3.6  cV  is,  indeed, 


A  lirst  poi-tU,  tu  r  ILr.-'  h'-ro  i.:  ti.iLj  iis  v.iiy  nuca 

smaller  than  at  'i'  1-iOK  as  nan  be  l;oct.  r.n  co::.na r ,  in.  ricj.  3 
and  4  the  thirkneest-a  and  inten.a  i  tie.;  -n;:  tr.^.-  3.d  fV  p-'ak.  For 
Acj  co'.-er,i,;'_.  In  t  h-,-  r-.ane:  ;V 'r  i.nnn',  ;■  j  '  a.  L  .i..y  eiiocn;  ..i 

T  =  300  K  v.’hert-MS  a  quite  niz.'.ib siq;.;’  la  cn".  at  T  140  .4. 

It  is  known  that  the  u.c  resistana-a  of  thin  iilmr-  (a  few  hur.cirtd 

Q 

A  thick)  depends  not  only  on  the  metal  ro..;  i  s  ti  vi  lv  but  also  on  the 
more  or  less  specular  rolloetion  of  rh.e  co.nducti-on  electrons  on  the 
surtaco  chat  is  to  s.vy  on  the  .atomic  rousn.-.e.,. s  se-;'.  by  tiio  ."tee 
electrons  (34). 


If  the  absorbed  atoras  on  a  tiiin  film  surfae..'  induce  a  les.s 


Specular  reflection  of  th.e  conducticn  el-,  ctror.s ,  th.-e  d.c  resistance 
can  increase  even  if  the  ni-?an  thin  film,  thiekr.es.,  increases  also. 
Resistance  measur-oments  at  300  K  durina  .Au  d-cposition  ir.  U.H.V  on 
Au  thin  films  (35)  and  of  Ac;  on  Ac;  thin  iilm.r.  (3o)  cive.-.;  a  decre.-i-.i-'^ 
oi  riu-  re-.LstarK'e  with  incrca;. :  ny  th:ckn.'.;s  ,  t.^  result  being 

assigned  to  the  increase  of  thickness  only.  From  the  pre.sent  experi¬ 
ments  it  appears  that  some  roughp.o.ss  occr.r.s,  which  is  measurable  for 
large  enough  thicknesses. for  high.  m.oPility  and  for  .ind  ideal  crystal  , 
crystal  growth  can  take  placc^in  principle,  Vvith.out  faults,  but,  in  our 
case  ^ on  the  one  hand  we  do  not  have  an  ideal  crystal  but  rather  a 
polycrystal  with  many  faults  and,  on  the  other  hand,  a  possible 
contamination  of  the  siurface,  even  with  .a  very  low  coverage,  can 
disturb  the  growth  mechanism.  Another  li.por tant  point  to  be  underlined  i 
thatthe  optical  absorption  due  to  surface  plas  -.en  c.-ccitation  is  located 
over  a  narrow  spectral  region,  probably  ir.d  Ira l  i  ng  a  roughness  witii  rela¬ 
tively  small  scale,  i.c  with  groat  wave  r.icnb.'r  Fo’.:rier  components.  This 
is  a  surprising  result  that  we  do  not  v.ell  under.>tand,  because  one  would 
rather  expect  a  large  scale  roughness  when  silver  i.;  deposited  at  rocim 
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for  thicker  With  incrcacincj  thickr.osj,  the  ninin-juu  at  3.6  eV 

broadens  and  niinul taneous  1  ly  another  absorption  t;}’ lower  energy  bocorr.e 
more  and  more  important  eventually  becoming  the  most  important  for 
the  thi:'V.est  cl'pariit  {  d  '^2000  A).  Thi;.  tr.o  \1  su:;  absorption 

first  found  by  Hunderi  ;;nd  Myers  (37)  on  qin'nc'ned  silver  films  and. 
assigned  by  Ilundori  to  bulk  defects.  Mowadays  there  is  a  renewed 
interest  concerning  the  physical  origin  of  this  optical  absorption, 
because  it  is  present  for  silver  films  displaying  SSRS  and  disappears 
o;.  warming  up  the  sample  in  the  same  way  as  SbRS.  Mosliovits  et  al 
(38)  claimed  that  this  anomalous  absorption  is  due  to  surface  irre¬ 
gularities;  anomalous  absorption  and  surface  enhanced  Raman  effect  being 
two  aspects  of  the  same  problem.  We  have  shown  (39)  and  we  will  discuss 
in  section  VI  that  anomalous  absorption  of  quenched  silver  films  is, 
indeed,  a  surface  effect. 


On  the  flank  of  the  high-energy  negative  peak  (corresponding  to 
small  values  of  silver  reflectivity)  a  shoulder  can  be  observed  in  fig.  5 
■  ;_  ..u'  u;t  3.  ''  vV.  It  cocr'-:y.  to  a  rcughness  induced  a  splitting  of 

surface  plasmon  excitation  as  pointed  out  by  Kretschmann  et  al  (40) . 

For  a  smooth  surface  one  has  a  single  surface,  electromagnetic  mode, 
but  for  a  rough  surface,  like  a  grating  ,  a  gap  can  appear  in  the 
surface  dispersion  curves  (41)  .  The  reaso.n  of  this  splitting  is  that 
the  incoming  light  can  excite  two  surface  piasmons  with  the  same 
energy  but  with  wave  vectors  of  different  directions;  for  instance, 
for  a  one  dimensional  grating  two  surface  piasmons  with  opposite  wave 
vector.s.  For  a  statistical  roughness  a  similar  effect  can  occur  as 
investigated  by  Kretschmann  et  nl.  (40)  and  I'laradudin  et  al.  (42), 
Experimental  evidence  for  this  splitting  was  provided  by  Kots 
et  al.  (43)  for  electrochemical  roughening  of  a  (1,1,1)  silver 
electrode  by  anodic  dissolution  and  subsequent  redeposition  of 
silver  with  a  standard  method  employed  to  obtain  SERS  active 
surfaces.  Roughness  induced  surface  plasmo.n  splitting  on  a  K 


surface  was  observed  by  Vi'illiams  et  al.  [■'.'=)  i:i  o'asip.a  radiation 
excited  by  fast  electrons  (1.5  KV)  .  In  fij.  6  v.e  e^a.-nino  r.ore  closely 
the  structures  in  the  vicinity  of  the  Ag  plasma  frequency,  reproducing 
part  of  fig.5(  on  an  expanded  scale  in  or'.e.':  to  i  ’tti-r  ‘h-'  d  't  oil  ) 

In  the  present  case,  R  is  rapidly  decree. .-.inq  v.-i  tlv  increasing  u  ana  a;; 


we  have  measured  A  R/R,  the  po.ssibio  ab 


(mtnirnuin  in  L  R) 


appear.-:  just  as  a  s;io;;l<.ier  on  t';e  A  P./P.  carv-f'S.  It  n.--’:ilcte;’.  Liet 

for  a  free  electrons  metal  tlie  two  peaks  are  quasi  nymsr.etrically 
situated  around  the  surface  pl.ismon  frequer.cy  for  a  flat  surface 
(e  =  -  l).This  is  not  the  case  here  due  to  the  d-btnd  contribut io;i 
to  the  dielectric  constant  of  silver.  Ti.t  tv.-o  possible  plasmon  absorp¬ 
tions  are  tentatively  indicated  by  arrows.  The  splitting  is  slightly 
increasing  v;ith  the  thickness  of  the  deposited  silver  overlayer  from 

O  O 

0.15  eV  for  d  -  19  A  to  about  0.22  eV  for  u  -  187  A.  Ti'.o  spectral 
position  of  the  shoulder  is  difficult  to  ascert.nin  because  it  is 
situated  on  a  sharply  decreasing  curve. 


Let  us,  now,  rectili  some  Lheori 


of  r.hv;  Drool-  ;-; 


at  hand,  taken  from  the  v;ork  of  Krotschm.inn  et  al.  (40)  .  For  a  flat 

interface  between  a  metal  with  dielectric  con.stant  C  (to)  and  vacuum  , 

one  has  a  single  surface  plasmon  node  v/ith  a  dispersion  relatio.n  given 

by  (o/c.  n  (to,k)  =  e  k_  +  k,  =  O  (1 

s  2  1 


where  k 


c  (  )2  -  1^/2  =[; 

1  c  c 


)2-k^ 


and  k  is  the  surface  plasmon  wave  vector  parallel  to  the  surface  , 
For  a  rough  surface,  the  surface  placm.or.  disperr.lcn  is  no  more  i:iv->n 
by  eq.  (1)  but  by  ; 

(to,k)  -  (u),k)  -  (C-l)^sy^>  i  (k)  ^ 

2 

where  n^  (tjO,k)  is  given  by  cq.  (l),<s  >  is  the  mean -square  roughness 

heighv  and  I  (k)  is  an  integral  over  all  first  order  scattering  pro¬ 
cesses  with  final  wave  -  vector  k.  For  largo  wave-vectors  (k>  2  (o/c) 
some  simplifications  can  be  performed  on  the  integral  I  (k)  and 
the  dispersion  relatio.n  for  a  flat  surfac-e  can  be  approximated 
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by  ijJ  n  (k)  ~  k(  C  +  1)  le.idinj  to  : 

c 


n 

to  .  r 


(^  +  1  )  -  f  ^  ) 

1 


2  2 


with  a  ^  <s'>  Ij  (k) 


Ij(k)  'g(|k-k'|)kk’  (l-cosij))^ 


(  i: 


where  g  is  the  surface- roughness  correlation  ftincticn  and  (k) 

doscrib-‘s  all  possible  firf.t  order  scat  cor ing  processes  with  wave 

vector  k'>  2  into  surface  r>'. astronr.  with  vravo  vector  k.  0  is  the 
c  ‘ 

angle  between  k  and  k’.  For  a  given  vvilrre  of  a,  t'.vo  clitApt-rsion  relation 
given  eg.  3  can  be  verified  for  two  valu-es  of  the  dielectric  constant 
f  ^  ■  (1  t-  a)  /  (  1  +  a)  i  ndic '.t  Lnc  ,i  nur:''.r:e  pi  a  •won  f.nlitting.  Rahran 
ail'd  'hira  Uia’.n{';2)  i.e.'.'e  iound  :.i;..il  ,ir  leS'.iL'.s  wit;  e..i  equLv.ilent  i.ur  lace 
layer  roJ<.-l, 


To  obtain  n»re  intontar  i-on  about  oar  expeci:r.-ental  results,  we 

2  2  2 

have  cociputed,  using  ec:.  3,  the  rosoonso  function  c  /u)  Ik/n  I  for 

I  j,  I 

different  values  of  a  and  using  the  bulk  silver  dielectric  constants 

(45) .  The  results  are  shown  in  fig.  7.  The  curve  corresponding  to  a 

2 

smooth  surface  (a  =  0)  is  reprtrsented  by  the  d iscont i nuous  line  and 

tile  values  of  the  real  part  of  tiia  div'l-ccrrLc  is  indicated 

on  tlie  upper  seal  .  We  see  that  the  higii  f regiK  P.fc  -  ik  shifts  slowly 

in  energy  with  increasing  values  ot  a  like  in  oar  expe  r  im-Tits  ;  even  if^ 

as  alrejidy  pointed  out,  it.  is  diificuli  to  find  tivar  spectral 

position,  they  seem  to  have  the  same  behs.viour.  The  lower  energy  peak 

shifts,  in  our  experiments,  in  tlie  5-.ame  way  as  expei  ted  from  the  theory.  Tile 

experiments  of  Kotz  et  al.  (43)  were  P'-rformed  at  a  metal  electrolyte 

interface  and  tlittir  surface  pLasmon-;  aro  shifted  to  lowi^r  energies 

farther  from  tiu’  silver  volume  pi  ism.on  ard  from  tlie  /vg  alisorption  edge, 

wliere  surface  plasrr.on  absorption  can  be  easier  observed.  From  the 

2 

present  experiments,  we  found  a  values  co:nprised  betvteen  0.05  and 

2 

0,1,  whereas  Kotz  et  al.  found  a  -  0.01  . 


IV 


AIJNEALING 


III tc ro3 ting  informations  about  quon chad  films  can  be  obtained 
from  the  study  of  A  R/R  during  annealing.  In  particular,  it  is  poosible 
to  establish  rel  ationshipcv.-ith  other  nhvsicil  pa  r  i  .  '.r- n  like  d.c 
resistivity,  light  scattering  or  SF.^h  intensity  :ao:i  i  :  icn  t.  ions  on 
quenched  films  reported  in  the  Ittorciturc, 

The  annealing  of  quenched  films,  v.hich,  as  v;e  already  sav/^  do 
not  have  a  well  defined  crystallograpiiic  structure,  is  a  complicated 
process.  To  be  more  specific,  it  is  not  possible  to  rind  an  activation 
energy  characteristic  of  film  defects  like,  for  instance,  for  vacancies 
on  quenched  silver  wires  (48)  ,  because  v.-e  have  an  ensemilc  of  hetero¬ 
geneous  faults.  In  any  case,  fne  most  important  defects  in  our  films  are 
the  grain  boundaries  and  annealing  induces  a  grow t':.  of  the  larger  single 
crystals  at  the  expense  of  the  smaller  ones  by  a  lateral  displacement 
of  grain  boundaries,  leading  to  ti  ietter  crystallographic  structure. 
Simultaneously,  with  increasing  tenperat'ure  surface  atoms  increase 
their  si’.rf.ico  mobility  ar;.l  move  along  the  sv.rface  "from  the  mountain 
to  the  valley"  leading  to  a  decrease  of  the  macroscopic  roughness. 

We  must  keep  in  mind  that,  in  principle,  bulk  annealing  and  surface 
annealing  occur  together  leading  to  a  supplementary  difficulty  in  the 
interpretation  of  optical  data.  Foreign  atoms  can  strongly  reduce 
surface  mobility  and  prevent  the  flattering  of  surface  with  annealing. 

We  will  employ  this  particularity  in  the  experiments  reported  in 
section  VI.  Moreover,  superficial  layers  can  "pin"  bulk  defects 
ending  at  the  surface  like  dislocations  or  planar  faults  ending  at 
the  surface.  In  this  case  we  can  imagine  that  "surface  quenching” 
prevents  annealing  of  bulk  defects  too. 

O 

Fig.  8  shows  for  several  temperatures,  A  R/R  vs  -fi  o)  for  a  19  A 
deposit  corresponding  to  the  experiments  of  fig.  3,  The  annealing 
from  T  -  125  K  was  carried  out  at  a  rate  of  2  K/minute.  Fig.  8 
clearly  displays  the  progressive  decay  of  surface  plasmons  excitation 


If. 


with  increasiinq  teinperature .  The  rerri:; i;'. i:. j  strac'uror.  on  the  A  K/ii 
curve  for  T  253  K  arejur.t  troin  a  size  effect  due  to  the  larger 
thickness  created  by  the  silver  deposit  (the  silver  film  is  not 
thick  enough  to  be  opaque  in  tiu’  spectral  region  near  the  plasma  frequency 
Ttiis  will  become  apparent  from,  calcul^t lens  which  '■■.•ill  be  reported  ir* 
the  ne.xt  paragraph.  We  conclude  that  the  additior'.al  surface  roughness 
induced  by  the  quenched  surface  deposit  completely  disappears  with 
annealing.  A  similar  behaviour  is  observed  o.n  ar’.neaiing  of  thicker 

O 

layers  as  shown  in  fig  .9  for  a  suparficial  deposit  of  158  A.  In  fig.  10 
we  have  represented  A  R/R  at  3.55  eV  as  a  functio:;  of  temperature  for 
the  e.xperiments  reported  in  fig.  8  and  rig. 9.  The  chosen  frequency 
(3.55  eV)  corresponds  to  the  minimum  of  the  A  R/R  curves  due  to  surfv.ee 
plasmon  excitation.  In  fig.  10,  we  have  also  reported  unpublished  expe¬ 
riments  by  Chauvineau  (47)  indicating  a  irreversible  d.c  resistance 

O 

changes  during  annealing  of  a  80  .A  thick  hg  layer  deposited  at  T=120  il  on  a 

O 

270  A  thick  silver  substrate  prepared  at  room  temperature  in  a  similar 
way  a.s  our  samples.  The  corrcispo.nding  rcu.i.c  tan.c  ?  ciianges  during  a.n.Tval  inq; 
at  3  K/minutc,  are  given  in  ohms  on  the  right  ordinate  scale  of  fig.  10. 

We  notice  that  the  large  changes  of  A  R/?.  do  not  occur  at  the  same 
temperature  for  both  layers,  indicating  a  thickness  dependence  of  the 
annealing  characteristics. 

The  resistance  changes  are  probably  due  to  : 

i)  a  decrease  of  the  importance  of  the  defects  in  the  bulk 
of  the  superficial  layer 

i.i)  a  decrease  of  surface  roughness. 

The  shape  of  the  resistance  curve  variations  is  es.sentially  the 

O 

same  as  that  of  the  reflectivity  variations  for  a  158  A  deposit  displaying 
rapid  variations  at  about  225  K,  probably  indicating  that  at  this 
temperature  the  metal  is  quickly  organized  and  at  the  same  time  that 


A. 


IV 


its  surface  ir.  flattonej  out.  On  tig.  10  i.e.ve  .Til'.c  r..'j)r.’..fnte'i 
the  SERS  intensity  of  the  lOOG  cm  ^  bre.i :  ir. vi:  -atio;'.  of 

pyridine  for  a  Ag  surface  exposed  to  IL  of  pyricil;.?  .iuring  annealing 
of  a  "cold  film"  reported  by  I’cc'icmnd  and  Otto  (-ib;.  Ih  '  l,i.,-.-r  v,-,ive  - 
length  eiaployed  for  the  Raiiian  expe r imt'r r r.  •..a:>  ’il-'.'  A.  FLcj.lO  di.icliy;. 
a  correlation  betv;een  the  three  par.tme:  ..r.  ( '.  ri  .  i  '.ta.-'.c.;  ..n,; 

£ERS  peak)  ;  the  SERS  peak  has  its  maxiir.u;?.  i  r.  tl.e  r-.'j.itive  slope  of 
both  the  other  curves  ;  but  we  cannot  setfl  ■  an  ^‘vident  relation  sh:  ci' 
between  them. 


V  -  NUMERICAL  CALCULATIONS 


Untiil  now  v;e  hav'c  discussed  Che  e.xp.T  i  :>.'rr,>  i  results  in  a  ra  titer 
qualitative  v/ay,  sometimes  indicating  tho,  nu:.-.:.'r  ica  1  calculation.,  to  1. 
presented  in  this  paragr4;ph  corroborate  o.o.  i  nterr.'retutions.  An  accurate 
calculation  of  the  effects  due  to  in'.porrant  roughnts.s  is  a  difficult 
task  which  cannot  be  ac'nioved  without  heavy  comput.iti.ans .  To  shine 
our  results  va-  have  i-insen  ,i  :'c.'nl  ord  -r  to  d  by  K'n'c.'- 

and  Kretschmann  (3),  wh.ich  gives  in  our  c.os.'  simple  foririulas  for  the  roug¬ 
hness  induced  modifications  of  the  s'.pecular  reflectivity.  Kroger  and 
Kretschmann  employ  c\  perturbative  theory  v.h.ich  i.s  essentially  the  surm ; 
as  the  Rayleigh  method.  Therefore  it  is  t'xpected  to  be  correct  for 
roughness  heights  S  much  smaller  than  the  wave  length  and  for  very 
small  slopes  only.  We.  do  not  know  whether  the  latter  condition  is 
always  verified  in  our  case,  but  we  think  that  this  approach  should 
be  acceptable  at  least  qualitatively. 


Kretschmann  and  Kroger  ('19)  consider  the  rou.jnnes.;  E  (.'<)  - 
S  {x,y)  as  a  statistical  disturb-rnce  of  a  plane  with  an  average  v.a !  ue 
<  S'>=  0  and  with  a  Fourier  transform 
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A  normalized  correlation  function  G  (x)  is  defin-.vi  bv 


-^1  /  o  __  _  __ 

G(x)  =  -  /d  x’  S  (x')  S  (x'  +  X) 
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with  a  Fourinr  transform  : 


g  (k)  -  (2  TT)' 


<s2>f 


|s(k)  r 


V.'hero  F  is  a  very  large  integration  area. 

It  ^v-;s  rr.  ite  J  i;.  r.- f  v-'l'  rrint  r/  ^akina  statistical 

averages  oi  tiie  functions  employed  in  tae  problem  at  hand,  considering 

■  ^ 

g  (k)  independent  of  the  k  direction  and  soma  other  approximations 
to  obtain  the  electromagnetic  fields  at  the  surface,  the  reflection 
and  transmission  coefficients  r  and  t  at  normal  incidence  for  a  rough 
metal  of  dielectric  constant  t:  in  contact  with  vacuuir  are  given  by  : 


-  2  (co/c)  ^  <  S^>  (j£  +•(!  -  €)  ^ 


t  =  t. 


1  +  (oj/c)^  <  S^>  (1  -  »£)^  (l/2  -  (  v€  +  1)  q) 


(4) 


where  Q  -  /dk.k  g(k).  :!  w(k) 


w  (k)  =  w  (k)  +  w  (k) 
P  s 

k ,  k 

,,  ,  c  12 
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where  k 
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2  2  / 
e  (w/c)  -  k  and  *^2  ~ 
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(w/c)  -  k  are  the  wave  vector 


components  normal  to  the  surface  in  the  m.etal  and  in  the  vacuum 


respectivelly  and 


1  -  2 

and  t„= 


1  + 


1  +  v'f 


are  the  reflection  and  transmission  coefficients  for  a  flat  surfa^. 

2 

(that  is  to  say  with  <S  >  =0). 


We  see  that  Q  can  reach  important  values  when  the  W  (k)  denominator 

P 

vanishes,  that  is  to  say  for  -e^which  is  the  condition  for  surface 

plasmon  excitation.  The  resulting  effect  is  nodulated  by  the  surface 


u 


1^) 


functior.  k.g(k)  describing  th'  roughness  rosojraph.y . 

In  our  calculations, we  have  used  a  gec.-etry  indicated  in  the 
inserts  to  the  computed  curves  figures,  taking  into  account  the 
finit..'  thickness  of  the  subsf'ate  an;  the  -etsihl.e  dtiterent  opti-sil 
constants  of  the  overlayer.  Vie  have  ertplcyed  the  thin  film  formulas 
for  a  two  l^^yer  system  with  flat  surfatas,  but  using  for  the  reflocticn 
and  transmission  coefficients  at  the  metal/vacu-jm  interface  eqs,  (4) 
rather  than  the  coefficients  r^  and  t,^  corresponding  to  a  flat  surface. 

In  the  present  calculations  surface  roughness  v.-as  approximated  by 

—  -«-2  2 

a  gaussicin  correlation  function  G  (>;)  ^  exp  (-x  /c  )  vjith  a  Fourier- 

2  2  2 

transformed  correlation  function  g  (k)=  J  .  exp  (-C  k  /4) .  This 

4t 

choice  is  very  often  employed  for  statistical  roughness.  Summarizing, 
in  our  model  we  consider  :  the  finite  thickness  of  the  substrate  layer 
(about  0,1  hm) , the  thickness  of  the  superficial  deposit  (varing  from 
one  to  one  hundred  monolayers) ,  both  values  being  determined  from 
the  microbalance  frequency  shift,  the  optical  constants  of  the  Ag 
substrate  as£:u:ted  to  be  tho.'.o  of  the  hulk  muteriul,  those  of  tlie  super¬ 
ficial  layer  which  will  be  sometimes  modified  to  take  into  account 

a  different  crystallographic  structure  and,  finally,  the  roughness 

2 

parameters  :  the  mean  square  height  ot  roughness  <S  >  and  the  corre¬ 
lation  length  a. 

We  have  already  indicated  that  the  negative  minimum  at  'i'  3.9  eV 
and  the  maximum  at  'i;  4  eV  are  not  related  to  roug'nness.  Fig.  11 

O 

shows  th='  computed  values  of  Ar/R  vs.  nm  for  a  supj'rfinial  l^ayer  h7 

thick  having  the  bulk  silver  optical  constants  and  a  superficial 

2  '  o  2  ®  3  ® 

roughness  (<S  900  A  and  O=1000  A)dopositcd  on  Ag  r.ubstrates  10  A 

thic.-k  and  infinitely  thick.  It  is  clearly  apparent  that,  the  finite 

thickness  of  the  substrate  is  responsible  for  the  pronounced  minimum 

at  about  3.9  eV.  At  this  frequency  silver  is  highly  transparent  and 

the  reflectance  is  strongly  dependent  on  tine  sample  thickness. 


20 


It  is  not  possiblo  to  conport'  th-j  co:;;tut''' jn  ;  r  i ':'.on  tal  vain.-: 

of  AR/R  for  this  cjK'rpY  because  \:j  do  no;  kr.o's  ho’.v  to  accurately 

compute  the  unwanted  reflection  at  the  fuse;;  silica-coppor  sample 

holder.  We  have  shown  in  fig.  11  the  calculatel  values  of  AR/R  for 

a  flat  surface,  demonstrating  that  in  tr.is  case  the  nini!r.u;n  at  3.9  eV 

is  always  present  and  thus  cloarlv'  indic-.t  i a  re.-,-;  it  is  d".?  to  a 

size  «;fCect.  It  is  also  apparent  from  this  figure  that  th.o  mini. mu.'.! 

at  3,4  eV  is  due  to  surface  roughness,  'liits  tutsorp t lo.-.  is  produced 

by  surface  plasrr.on  excitation,  related  to  the  hicih  values  of  w  (u)) 

P 

at  this  frequency.  It  should  be  underlined  that  the  surface  plasrr.or; 
absorption  at  3.4  eV  is  peaked  at  the  same  frequency  independently 
of  the  si.ibstrate  thickness,  its  intensity  cei.ng  only  very  slightly 
dependent  on  the  substrate  f.i  ic:k:iess . 

To  give  an  idea  of  the  possible  i.nfluence  of  different  dielectric 
constants  of  the  surface  deposit  due  to  a  poorer  crys talograp;''. ic 
structure  than  that  of  bulk  silver  we  have  tot-outed  in  fig.  12  AR/R 

o  “  o 

for  a  substrate  1000  .A  thick  and  a  superficial  layer  57  A  thick 
2  ®  2  ® 

(<S  >=  900  A  ,  a  =  600  A)  modifying  the  optical  constants  of  the 
t.urface  1  aver  in  tw-o  ways  : 

i)  dividing  by  two  the  exparimantal  value  of  tlie  mean  free 
path  of  the  conduction  electrons  for  well  annealed  Ag 
films  (45)  (this  is  equivalent  to  an  increase  of  the  ima¬ 
ginary  part  of  the  Drude  dielectric  cor.sta.nt) 

i.i)  besides  this  reduction  of  the  mean  free  path  of  free  electron 
shifting  by  65  meV  (corresponding  to  50  Angstroms  on  the  wave 
length  scale)  in  order  to  lower  the  energy  of  the  Ag  absorp¬ 
tion  edge. 

To  perform  the  later  calculation  we  needed  the  interbanid  contribution 
to  the  dielectric  constant  ,  This  was  obtained  by  substracting  the  Drudv* 
contribution  of  v/ell  annealed  films  from  the  experimental  values 
of  the  dielectric  constant.  Then  was  rigidily  shifted  by  65  meV 
towards  lower  energies.  This  rather  arbitrary  choice  was  dictated  by  the 
observed  absorption  edge  shift  with  disorder  (50) .  It  is  not  our  aim 


hare  to  investigate  the  effect  of  the  optical  corsjtants  on  the  line 
shape  around  the  plama  frequency  but  rather  to  show  their  small 
influence  on  the  roughness  characteristic  structures.  We  notice 

that  the  surface  plasrr.on  absorption  is  nearly  independc'nr 
of  dii^lectric  constant  tn  contrauirj tinctio:;  to  th  ■  structures  near 
4  eV.  This  dependence  on  the  optical  car.otants  might  explain  the  struc¬ 
tures  observed  at  about  4  eV  in  exparimar. ts  reported  in  fig.  3,4, 5,8 
and  8. 

Let  us  notice  now  that  the  surface  plasr.on  absorption  intensity 
2 

is  proportional  to  <S  >  and  that  the  spectral  position  and  v/idth  of 
the  resonance,  depend  on  the  roughness  correlation  length  G.  To 
estimate  the  roughness  correlation  length  in  our  exporir.a.nts  we  have 
computed  in  fig,  13  Ar/R  vs. bo  for  a  substrate  layer  1000  A  thick 

O 

and  a  surface  deposit  of  57  A  (corresponding  to  one  of  the  experiments 

of  fig.  5)  taking  for  the  substrate  ana  for  the  surface  layer  the  bulk 

2  ° 

Ag  optical  constants,  with  <S  >  =  900  A  ana  O  -  100,300  and  1200  A. 

Comparing  fig.  13  with  the  espar iir.ental  results  reported  in  fig.  4 

corresponding  to  deposits  on  substrates  at  room,  temperature,  we  can 

O 

conclude  that  for  these  experiments  a  is  approximately  100  A. 
comparing  now  the  experimental  results  reported  in  fig.  5  with  fig,  12 

O 

and  13,  we  see  that  O  is  rather  500  A.  The  same  value  can  be  esti¬ 
mated  for  G  from  the  experiments  reported  in  fig.  3.  From  our  experi¬ 
ments  it  appears  that  G  increases  with  the  surface  plasm.on  absorption 

2 

intensity  ,  that  is  to  say  with  <S  >,  On  comparing  fig  12.  and  fig.  5 
we  see  that  the  calculated  value  of  the  intensity  of  the  surface 

plasrton  minim'a.m  is  only  one  third  of  the  exparimet tally  fo'and  value. 

/  2~  ° 

We  roughly  estimate  that  in  this  case  /  <S  >  should  be  about  50  A 

2 

(the  optical  absorption  is  nearly  proportional  to  <S  >,  as  it  can  be 
seen  in  eq.  (4)),  We  conclude  from  our  experim.ants  to  a  rapid  increase 
of  roughness  with  thickness  for  the  thinner  layers,  the  increase  being 
much  slower  for  thicker  layers. 

The  calculations  reported  in  fig.  14  are  to  he  compared  to  the 
annealing  experiments  of  fig.  8  from  the  shapes  of  the  curves  it  can 

O 

be  concluded  that,  for  a  19  A  thick  deposit,  annealing  completely 
suppresses  the  surface  plasmon  excitation  existing  at  125  K.  Thus 
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s  v.'jier.  they  are  warmed 

up  to  room  temperature.  To  our  kr.ouTedae ,  fe.ere  doe;-;  not  exit  any 
reported  "in  ritu"  electron  riicroocopa  i-tudies  cf  sue'.',  films,  therefore 
their  structure  is  poorly  'Knovai. 

We  have  indicated  that  adsorbates  can  prevent  the  motio.-i  of 

surE.ace  atoms  during  iinnealing,  maintaining  a  roughness  which  would 

othenviae  be  suppres:;"''!  'oy  increasina  t''.o  t 'rro'‘r  a ''ar,'' .  Tiiis  effect  was 

exper  ic’.enta  I  ly  de;»nstr.ited  by  us  with  AL  and  Cu  ad.airbatos  svibsegu-.u'.- 

tly  oxlcii-'U'd  .and  is  employovi  .as  a  m.-eans  to  inva£.t  ica-re  t’ne  surface  of 

rou-j'n  cueiici’e.i  'ilns.  Let  us  describe  r.ov;  one  of  our  experiment:;.  We 

-h 

prep.tro  first  ,  at  roo:-i  temper.aturo,  an  a  varuu.n  bettor  th.m  10  torr , 

O 

a  silver  film  oOO  A  thick,  and  th'on  we  cool  the  s.imple  untill  the 
temperature  is  s t ab i  1  i zed  to  151  K.  In  the  di Cferi'-.'.t  tuxperimental  runs 
we  obt.iiii  limiting  tem.p-erature:;  differina  by  .appr^':-;  im.it  ely  10  K.  Tliia; 


i  r.  urol  iL' ly  LUio  to  the  qiMlit_v  of  cho-  chfr::..;!  bo  t-v/et-n  each 

O 

qlas-s  plate-  ar'.J  Cue  aoir’.plo  holder.  The-;-;  v.a-  “vaporafo  1470  A  of 


on  the  uan'.plo  :;'.a  Lntainad  at  153  K  folio'.'  . -d  by  the-  Cfaporatton  of  L  .A 
on  one  iialf  of  the  oainDlo.  Tiio  oa.T.ole  la  ther.  exoaaod  to  45  L  (1  I,  - 

A  *■ 


a  rat.o  of  about  2  K/;nLn  .  Tha  of  fact  of  At  dopoo  It,  oibseqnaot 

oxygen  cn<poaure  cued  annealing  v/aa  foll-o'.-.c:;  by  apeotral  ine.ioarements  of 
!5  rh.vvo  el-'ctr.-n  f^ioro..o'p*  nl '  'o;  !p;.  •  '  .-rarb..:'  r.->oibi. 


::.aae  a;.  to.;.p erature  by  ev-icotating  C  at  an  angle  of  ino^aence  of 

45  degreeo  after  having  taken  the  san;ple  out  of  tna  vacuu-t  chamber. 
Fig.  15a  cor respozitis  to  the  surface  witho-at  the  .AI  deposit  and  fig.  15b 
to  the  Ag  surface  covered 'ey  tfa.Alaurf ace  l.iyer.  On  fig.  15a  tho  grain 
boundary  ripples  are  clearly  'vislbie  bu.t  other'.vise  the  surface  appiears 
rather  smoot'n.  On  fig,  15b  an  i.'.-.por tant  ro'ughness  is  apparent,  with  a 

O 

quasi-per  Lo.'i  of  200-300  A  clo-.'.-.-ly  rela'u-_i  to  the  c.orrelation  length. 


It 

must  bo 

unde  r 1 

ined  tiiat  tti- 

e  surface  roug'.'.ness 

soon  in 

the  micrograph 

of 

f  io 

.  15 

b  i  s  i; 

;aintaitied  by 

the  .Al  oxi’d-a  and  i:-: 

;  not  an 

■effect  of  th-e 

oxy 

do 

it  £-.0  3 

f.  It 

could  be  arg 

umented  that  the  Ag 

si’riacc 

not  covered 

by  Al  ■  :  ab'o  expos. -.I  to  t;;--  oxtatn  a' mo .  pb-- an  i  ti^erefore  a  sbnilar 

effect  .should  oe  observed.  T'ne  possible  ro'ug'rmess  induced  by  oxyge.n 

on  silver  is  in  any  case  much  smaller  than,  the  one  duo  to  tlie  Al  o.xyde, 

CIS  con  be  seen  from  fig.  15,  probably  because  of  tb;e  vi.'ry  low  sticking 

-4 

coefficient  of  oxygen  on  silver  (&.10  at  rcom  temperature  (51)).  We 
have  performed  equivalent  eicperirr.ents  with  superficial  Cu  layers  e.xpcsed 
to  oxygen  and  we  have  found  similar  results.  In  conclusio.n ,  it  appears 
that  we  can  maintain,  at  room  temperature,  an  important  rouglaness 
oxi.stin.;  on  quenched  silver  films,  just  by  coverin':  tbe  surface  with  u 
vor'y  til  In  surface  layer. 

V.'e  Will  no'w  e.xamine  tho  point,  actually  discussed ,  f rom  an  optic,"-.! 
point  of  View  with  differential  reflectivity  n.^^asuroments .  Hie  contin-jcus 

Ar 

curve  (labelled  I)  on  fig. 16  shows  — —  —  2 ( R’ - R) / ( R ' +R)  between  the  clean 

R 

Ag  surface  (R)  and  tho  surface  covered  with  the  Al  oxyde  (R')  for  the 
experiments  reported  in  the  discussion  of  fig.  15.  Ke  found  the  pronounced 
minimu.m  at  3.9  oV  correspo.nding  to  the  small  valu-es  of  R  as  indicated 


f 


la  s-,a't!cia  J  I  L ,  taia  two  ^la L  L  t.ja  oi  riir.a.;  iLa  .a  2.1  <  .a.ti  3. a  ■  '.’ 

ara  al.,v~)  app.ata::.  f  .  A  firwt  in  c.a  r  ar-.j  t  a'- :  a-,  oi  ti.  _  ,  aLoor  oi  :.o:.  v;-, 

bo  to  tb.o  a  t  r  uc  t  uro;-  at  2.1  aa  i  2.2  t-'J  to  '.atlcal  trar.o  i  t  . '  a; 

betwa-ai;  olc'crroaic  ..t  -  ,_,f  i.y.a  a;...  La  otbor  v.  .>10.;.;  to  -aa  0:0  •  c  -2 

absorpt  ion  duo  to  t;io  surt'af.-  lai'or.  foiL  'a-iriO  ta  ;  d ;  ;icuo;; ion  of  taa 

that  boti:  iriinir:;.!  aro  du-'  to  abjorp'  bon  i:  •  rounan  ;  -  . 

In  rig.  17  Wc-  havo  ro-iairtod  axpvr  i r.-n:,o  aaiiog  ....  to  t;.o..o  c^C  fig.  1C 

(a  Ao  o  -posit  lino  A  ’-i'-h  aa.-r  nh--  -  —  •:  •  bon-  0-  It-  g  - 

7'he  curve  labelled  T  cor  lenpoad.;  to  Ah-'n  >  af./.-a-  '..re  rtivr-r  arid 
Silver  covered  by  the  Cu  dfnonit  olus  loo  L  or  O  .  k-o-o  tv.'o  abo.^rntr 
similar  to  t.’iose  or  lit;,  lo  at  nearly  tn .  oarr-  er.  rgr'-n.  It  v.ouli  pa 
unlikely  that  absorptions  induced  by  cprrial  t  r  ;:a- r  t ;  oi,,;  o.n  th.e  ad--,orr 
should  display  a  very  sirrilar  ‘'.-runturo  rnr  botn  a.:,  err  at  os. 


If  we  examine  now  the-  f.R/R  Vcj'-iatir-.;  durira:  ann-'n*  1  i:ig  repr-  -er. r 
by  discontinuous  curve.s  in  fig.  16  and  17,  v;e  n.'itice  t.h.o.t  in  botih  cast 
the  absorptions  originally  located  at  tiL'n  ;r  2  an:;  eV  progressively 


they  are  not  absorptions  character iotio  of  cii-a  arbo 
surface  itself.  In  particular,  for  high  rem.perutur-- 
275  K  in  fig.  16)  we  are  comparing  two  Ag  s'irfac;;s 
roughness  (fig.  15a  and  b)  which  give  rise  to  large 
(A/  30  %)  obviously  not  due  to  the  superficial  layer 


bate.-  but  of  the 


(for  instance  T= 


. th  cuite  differer. 


values  of  AH/R 
itself. 


We  can  inquire  v/hether  one  or  both  absorptions  arc  due  to  a  bulk 
effect.  Tills  is  certainly  not.  the  origin  of  the  hini'.:‘s-  energy  ab  'Orp- 
tion  which  is  progressively  shifted  with  annealing  to  the  surface 
plasrr.on  frequency  reaching  a  deep  ininimuni  similar  to  the  one  seen  in 
fig.  5.  Having  in  mind  the  reported  interpretation  of  the  optical  ab;-.:-,' 
tion  of  quenched  Ag  films  (52)  we  can  ask  about  the  origin  of  the  low  e.- 
minimum.  We  can  imagine  that  during  annealing  the  film  portion  which  i 
not  covered  by  the  surface  layer  is  acquering  a  more  perfect  cryr. tallo 
graphic  structure  leading  to  different  optical  constants  with  corres¬ 


ponding  changes  in  the  reflectivity.  Moreover  Hunueri  (52)  assigns  the 


til: 


/  ab;.o  fpt  i  oa  ot  A:;  1  i  1  i;;j  to  bulk  dftoct.;;  i:i 
cl  coinpor.ito  i::cv!iii;ii  v;itri  tv.'o  bi-v-'lootric  co 
t  requo['.c:y .  1;;  t  h-a  proii-ant  caso,  wo  can  .ir 

for  the  ob-serv'oo  absorptions , bocauao  they 


»t  lats  .. 
;o  thar 
tro  conr 


-j ,  v/hich  bc’hava  a;., 


iv.  ncj  a  resonant 


tnis  is  not  the  reason 
ir.'cously  .shiitirif;  away 


-.j  a  suriicK  a 


phoican.an  a .  It  is.  cU.-ar  tlnat  it  b’clk  d-  i-njts  r.  \  \  a  L-.a-.e.r.  t  £rcqua;’.cy 
it  s'Kiiild  bo  corspletely  Lruioporuient  or  surface^  aiv  'jrijt  ions ,  It  must  b-i 


assLqno.i  to  the  surface.  For  instanco,  t.-v  re  r  i-..' c  r  i  vi  ty  s.tructures  seen 
in  fiq.  17  for  a  Cii  monolayer  (curve  II)  are  m.oai  ;  itw;  witii  c'xpon.ure  to 
150  L  of  oxyqon.  Tiie  present  experinent..  car.  be  ur.ierstood  as  due  to 
roucqhns's.s  induced  on’na.ncod  elect.rom.aqnGt  i  c  fields  at  th-?  surface  in  the 
St;irr.i  way  as  ■r'lcctrotr.aqr.'jt.ic  fields  arc  ‘au'.ianced  .at  the  .surface  piasr.o.n 
excitation  exper inients  with  a  prating  or  an  attenuata’d  total  reflection 
coupler.  For  a  plane  waive  iinpinq  on  a  rlat  surCacj  the  electromagre tic 
field  n.-.'on  lay  a  surface  iaoli'culc.:,  is  a  smooth  fttretion  can.ily  deduced 
from  Mil.'  optical  constants  of  the  metal,  but  for  a  roaih  surface  the 
flf'ld  at  the  surface  is  not  e.i -Lly  knev;n  and  can  h.ave  l  irqe  values,  for 
iipacili'c  epe.'tral  regions,  i';.  is  v.-t.at  pto'babiy  '.-.apnens  in  our  experi¬ 
ments.  From  this  point  of  v'iew,  the  optical  absorptions  at  't  2  cV  and 
't  3  oV  in  fig.  lo  and  17  correspond  to  high  electro:-:, lync  t  ic  fields  at 
these  Creque.ncies.  The  same  argument  can  he  put  :or-.:aril  in  order  to 
explain  th-e  cb.served  niodi  fications  during  annealing.  We  are  comparing 
a  rough  surface  having  pronounced  electromagnetic  reso.nances  with  an 
other  which  beccues  more  and  more  flat  with  the  corresponding  vanishing 
of  the  resonances.  It  is  not  our  aim  here  to  discuss  the  enhancement  of 
electro'::  ignotic  fields  .it  ro'u.j’a  sur  f  .u-o., ,  bur  o:’ly  ;  p..'lnr  out  liuit  i  "c 
must  be  taken  into  account  for  spectrosoop i c  stuJ.i  w.  on  rough  surfaces. 
We  have  .ilree.dy  reported  a  c.etn.ie.rativt'  s.tiui-y  o.r  ..u'.  i^  er  opt  ice.l 

absor[)tLon  on  rough  and  flat  Ac]  surface.:  a  1  low  i.;i.,:  u.  to  d.’termine  the 
average  local  field  at  the  .surface  (14).  In  our  oiinii'n,  the  low  fre¬ 
quency  e.bn.orption  is  due  to  localized  pla:;::’.ons  at  the  surface  prot  ub.‘- 
ranccs  and  fne  high  frequency  absorption  cor respo-ub:  t  o  a  propag.it.  i n  g 
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energy,  v.t-'  can  ir.agi.natc  that  what  it  y .  a  ilar.t'.;rip.g  of  t:.-‘ 

surface  auf.t'a  durir'.g  annealiriC.  At  prt-.tt,  c:;r:.".ct  cor.cluJo  about 
tPiis  hypoth.eaid . 

To  chock  our  conclu.t  i  or. ,  v;r.ich  a-,;',"::'-  tna  obsar'.-jd  abtorption 
to  rurface  roucinnouu  and  not  ro  C’alk  da : -1 1.: ,  '.•t  hav-..-  pcrforniod  C:‘^- 
for^'nt  kiiii  of  expar  iitonts .  tae  idau  it  that  if  this  absorption  is  dua 
to  su.'iooo  roiK_)!me.-;t  it  f.hc.dv’;  not  be  th  ■,  rv-d  in.  reflectivity  neaunre- 
ri'-ints  P'-rforn^'d  fro:;;  tac  b:;ck  of  tte  fuse;;  ciiica  substrate.  Iri 

i  if. h  ■.  -  :  ■;  ct:-:;;  -lOure  the 

re:  f  leet  it;',  through  tno  Cu..;ed  o  i.  1  ic.i^  bet.r.;..-;-  nf  the  copper  cooling 
block,  but,  with  a  ninor  n:od:i  f  lo.itio;; ,  ■•.o  h-r/e  ovtrcon.t-  this  difficulty 
vn. t'n  the  rr:strLctive  cond.it  ion  tin.'.t  ab.-' c  1  utt  valt.os  of  reflectivity 
and  terperature  cannot  bo  know.n.  BecaMi.e  wa  are  interested  in  a  co;npa- 
rative  study,  this  restrictions  will  not  c-.;  cruci.il  for  obtaining  the 
supplor.antary  inforraation  sought  for. 

V;  :  ;i  iVe  pr  oa.-d’  i  as  roMoos  ; 

a  cjlas;;  plate  longer  t’nat  th^.  cnld,  h.old.jr  .i  r-  l  i  xed  on  it.  By 
a  180  °  rotat  ion  of  tiie  sar.plt:,  we  ca;;  pre.  t;.t  r  ee.rly  ci  ther  the 
vacv;u~  oido  of  the  f..j.lver  fili;;  or  the  e-..  .  id-'  i;:  froi'.t  t)f  t.he 

optical  window.  A  sciie.T.atic  ropresontat ic.n  of  the  e.xpnri:;;ental  gcoir.etry 
is  indicated  in  fig.  10.  Relative  valuer,  of  the  re  fleet  i  vi  ty ,  i.c 
reflectivity  multiplied  by  a.n  apparatu.'.  fe.rtor,  arc  obtained  usin.g 
trie  dotdjK'  bcrun  .spectrophotometer  de:tcr  in.  section  II.  Tlie  tem¬ 

perature  (''•  140  K)  is  known  on  the  si:;;pLe  si.le  i;!  contact  with  the 
lioldr>r,  but  not  on  the  unn.nppor te;i  end. 
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energy',  v;e  can  inaginat-a  thai  v.-liat  is  h ayr;.  n ing  is  a  flatt=aring  oi 
surface  bu.T.p-'-  clurinr;  annealing.  At  present,  v.e  cann.ot  cor.cLuia  nbas.t 
this  hypothesis. 

To  Chech  our  coiiclus;  ior; ,  v.-hicii  ci;..sicr.-'  the  obr.erveu  abtorp*;  ior; 
to  surface  roughness  and  not  to  bulk  d-:- f  aui  tr, ,  v/e  h.ave  perfcrt.ed  a  d 
ferent  kind  of  experiment;;.  T.-io  idea  Ls  that  if  this  absc'rption  is  d 
to  surface  roughne.sa  it  should  not  be  ob.,erVi‘d  in  reflectivity  r.eas”. 
ments  performed  from  the  back  .side  of  the  fu.;ed  silica  sub.strate.  I;i 
th^.:  St  :r;d.;rd  ;x)n  f  i'j'i  r  d  i  cn  do  crib. -d  ab'e,  c  :::--i.;ure  the 

reflection  through  the  fu;;ed  silica^becciU-.c  of  the  copp-.'r  cooling 
block,  but,  v;ith  a  minor  modification,  v;e  liave  ov.-rcome  this  difiicu 
with  the  restrictive  condition  that  absolute  values  of  reflectivity 
and  temperature  cannot  be  know.n.  Because  v.e  arc  interested  in  a  comp 
rative  study,  this  restrictions  will  not  be  crucial  for  obtaining  th 
supplementary  information  sought  for. 

ii'a  have  proced  .'d  as  roILews  : 

a  glass  plate  longer  that  tiie  cold  holder  is  fixoci  on  if.  H 
a  180  °  rotation  of  the  samplt;,  we  can  prio'.ent  n-oe.rlv  eiti’.or  the 
vacinam  side  of  tiie  silver  film  or  the  glass  side  in  rront  of  the 
optical  window,  A  schematic  representation  of  t’ne  experimental  gt-'orne 
is  indicated  in  fig.  10.  Relative  values  of  the  reflectivity,  i.e 
reflectivity  multiplied  by  an  apparatus  factor,  arc  obtained  usii'.g 
the  double  beam  spectrophotometer  described  in  section  TI.  The  tem¬ 
perature  (A/  140  K)  is  known  on  the  sample  side  in  contact  with  ttie 
holder,  but  not  on  the  unsupported  end. 


I:i  tir-'.t  exporir-'-C-ni.  or',  a  cola  au-.rtratf  ,  a  IGrO  A  thic!. 

silvcL  r'.liii  i  r,  capDaitaci  on  t'no  umauppor  t  j  :1  sido  or  sample  ar'.d 

the  ri?  f  1  re  1 1 V I  ty  is  nieasirrea  rirat  at  thin  LLnk.nov.  tcT:ip-''rature  ar.d 
then, alter  anrreal  in.j,  at  roa:;;  temperature.  TiiO  s.ir'.ple  is  extracted 
rrom  th'  v  lecri;.;  ...■har-’irer  and  ia:-.oi".te  valuv;  o~  r-.- r  l.r  ct  iv’ i  ty  are 
rr.eiisured  wltii  a  Cary  14  spect  roph.otonietor.  .Ass'.;:T.ir.r:  that  these  values 

tor  tne  sample  at  room  ter.perature ,  a  calrbratio:.  r.r»ut!.op.  of  tr.e 
apparatus  is  obtained.  Frg.  13  shotvs  the  calibrated,  values  of  the 
reflocti'.'ity  from  the  vacuum  sivle  at  lov;  terr.perature  (curve  A)  and 
at  room  temperature  (curve  B).In  a  secor.d  experir:' :.t,  v.'e  have  deposited 

O 

1800  A  of  silver  on  the  cooled  suijstrat-;  a.nd  wp  'r.eve  I'.easured  the 
reflectivity  from  th'o  glass  sid-.-!  at  lov-;  t-emp-erat’ure  (curve  C)  ana  at 
room  tem.porature  (curve  B)  .  V.'a  h.ave  assumma  that  th.e  r.''f  lect  ivity  at 
room  tem.pe ra ture  is  the  sam.a  tor  both  exp.jrir.ier. ts .  We  did  not  take  into 
accotmt  t'no  multiple  reflections  in  the  glass  plate  and  tlie  dif ferei'.ce 
in  thy  refractive  inda.x  n  of  the  medium,  in  co;tt..'>.rt  v/ith  nilver  at  th  t 
re  L  Lecla.r.a  Lnt-'rract?  (va,;um  ;i  1  or  cjia.,s  r,-'1.5).  1'.  is  clear  ti;at  in 
the  present  exp--' r iraents  we  c.^rinot  expect  to  obtain,  accurate  valuen.  of  the 
reflectlv'lty ^  but  the  relative  val'aes  of  curves  A  ar.d  B  and  curves  A 
and  C  should  he  at  least  qualitatively  good.  This  rs  tl’.e  interesting 
point  in  our  discussion.  For  titJ>2eV  curve  3  ta.kes  higher  values  tiiat 
curve  A.  This  is  probably  a  real  fact  and  not  an  artefact  of  our 
experimental  set-up.  At  low  temperature,  roughnesis  has  a  small  corre¬ 
lation  length  producing  little  scattered  light.  When  the  sample  is 
v.’ar.med  up  the  roughness  bee  uisv  "wavier"  a  1. number  or  .w.o^: 

Fourier  c:omponents  and  the  a.mourit  of  scattered  lig'; t  increases  ivith 
cor  rospop.di  ng  re  f  lectivi  t\'  lon.s.  The  increi.se  c't  an  I  £i-polar  Ix' ■'! 
scattered  light  v;ith  annealing  of  equivalent  qucrn'h.ed  films  v.-an 
clearly  Sihown  by  Pettenkofer  (53). 

Although,  these  measurerien  ts  are  not  very  accurate,  t  tie  corn:'  i  ra  r  i  ve 
values  tor  each  experiment  v;it!i  temperiituro  sh.ould  b'-  sigaitlcard 


2B 


sujqoHtin.;^  on  tho  vcicuurn  r.id-::  a  i.ar-p  iL-r-.-.-nt '  y 

besitlo-s  tlie  tiurface  plasmon  excit.ation.  I";;.-  diif-  ' 
curve  C  and  B  arc  probably  due  to  dif v-ilu-r 
constants  only.  This  confirms  the  interpr^.' tatic:;  :: 
annealing  curves  (fig.  16  and  17). 


COaCLUSIOM 


From  the  experimental  point  of  vies,  se  ha-.v 

surface  studies.  It  allows  the  neasuroment  of  elec 
of  ^ln  interface  induced,  for  instance,  by  atomic  c 
tion  or,  as  in  this  paper,  to  investigate  the  doc- 
of  a  surface. 

We  have  thoroughly  developed  an  ir.vesticatit: 
roughening  of  a  clean  silver  surface  by  decssitir.g 
of  silver  overlayers.  When  the  silver  substrates 
measurable  values  of  Ar/R  are  found  oven  for  a  ret. 
The  observed  structure,  probably  due  tn  t;.'j  eloctr; 
surface  defects  on  the  atomic  scale,  arc  not  yet  c' 
by  us.  For  thicker  deposits,  a  well  defined  absorp: 
due  to  surface  plasmon  excitation  is  found,  Expi'ri: 
a  roughness  induce  splitting  of  surface  plasmons  i: 
thicknesses  of  the  deposited  silver  and  the  expert: 
with  theory.  A  large  amount  of  theoretical  work  wa= 
to  this  subject,  but  only  few  experimental  results 

For  extremely  rough  silver  films  v.a  noticcc.  , 
an  optical  absorption  at  about  2.5  oV  due  to  sur-  ; 
conclude  that  differential  reflectivity  experinern^ 
fully  employed  to  investigate  electromagnetic  resen 
surface  plasma  v;aves,  which  are  actually  well  knn.- 
concerning  the  surface  modes  are  not  widely  general 
how  such  studies  can  be  performed, in  particular  by 
oxide  layer,  to  fix  the  surface  roughness  existing 
on  quenched  metal  films. 


a:. sorption  exi  -W 
;  found  betv.v' 
s;'  the  optical 
for  the 


slearly  shown  that 

ronic  .TOdif  ication  : 
molecular  adsorp- 
tm-ignetic  properties 

on  the  early 
various  thicknesses 
cooled  to  140  K, 
layer  coverage  only, 
nic  properties  of 
early  understood 
son  at  3,6  eV 
■.--•ntal  evidence  of 
;  given  for  various 
r.ents  are  compared 
;  already  devoted 
were  reported. 

; ;■  a p o o a r ( ni ce  of 
;s  rough.ness.  W’e 
s'a.n  V'o  succe:;s~ 

,  :u-.t  phenomena  other  th 
•n.  Specific  studies 
'sued  and  we  indicate 
using  a  superficial 
at  low  temperature 
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Fiq.  1 


Fig.  2 


Fig,  3 


Fig.  4 


Fig.  5 


FIGFRFi;  CAI’i'ION-J 


-  Principle  of  the  di  f  t  lal  sr-  -t  rcchc  ' t’T.  Tn.e 

vibratin-i  nirror  i!  li- r 'cr.;  the  e  1  :  ■  rn  it  lv- 1 

on.  the  two  halves  (A  and  B)  oi  the  a.ctple  v.-h.ooe  slight 
difference  of  ret  Leer  .mce  is  to  be-  .T.ea  j  nr-.-d.  The  synch  re  tens 
detection  (F.D)  and  tne  feecihack  cn  th.e  i-.:h  voltage  of  th  - 
photcir.’ji  ti L  i e  r  (i  .'-'.)  .ire  also  rndccdtcd.  The  insert  shov.'s 
the  -FM  output  an  a  fiLn..tior.  of  tine  for  a  given  wave-length'.. 


The  ootical  set-uo.  £ 


d  are  the  ultra'.’iolet  and  vitihl’. 


sources  respectively  .A  concave  t’.irror  m 


1 


uted  to  forr.  thK 


image  of  the  exit  slit  O  of  the  ronochrotator  (ir.ono)  in  O'  on 
the  vibreating  mirror  M.  Tr.e  mirror  rr.^  is  used  to  focus  the  beam 
on  the  photomultipl  Lei  PM.  The  srcr.ple  is  located  at  the  center 
of  the  vacuum  charrber.  .M'  is  a  b<,‘a::i  split -er  cro'/iding  a 
roferonce  boa::;  tai  ;  i- f  1 ;  c:  ■  e  1 1\'  r.  .;.'.ire.'.ents  a.,.;  C 

is  the  chopper  used  for  thi.>se  r.. "•.■.car , '.t'.'nr  n  . 


1  O 

Ar  at  normal  incidence  vs.  at)  for  2,6,  10.5  and  19  .A  of  silver 

R 

deposited  at  T=125  K  on  a  835  A  thick  silver  film.  One  silver 

O 

monolayer  corresponds  to  2.35  A.  The  insert  represents  the  bulk 
silver  reflectance. 


AR/R  at  normal  incidence  vs.  fi'o)  for  24.5  and  65.5  A  of  silver 

O 

deposited  on  1253  A  thick  silver  substrate  kept  at  room 
temperature . 


Ar/R  at  normal  incidence  vs. 'Kco  for  various  thicknesses  d  of  the 


O  O 

surface  layer  ;  ■  •  ■  d-  19  A  ;  -  _  d"  57  A  ; _ _d-  124 

o  O  o 

- -  -  d=  187  A  ;  . .  d=  2000  A  on  a  1000  A  thick  Ag  r.uhstr 


kept  at  T  -  140  K.  The  last  curve  is  reduce  by  a  factor  of  3, 


I  '  I  .  (' 


Fiq.  7 


Fig.  8 


!  ; 


iM!  •  ('T  t  V.  . 

onl:;;g.Ni  -..mI.-. 

Co:r.p'.it  1-7:  valuer  cn  the  ro  '.p 

0,0.08,0.1  ai;J.  0.0  v;i-h  ; 
optical  cu:-;:.  t  ■  !n  t  .  Tiie  : 

the  aiivi,’!  Jieiecttic  tic-ert:-: 

Meae:;r-ad  valuei:  or  0.R/R  v-..  h, 
in  fLg.  3  during  anne*. sling  a' 

251  K 


j  h/n  j  ^ 

'Ih  vali;;-a  oi  the  uilv--: 


the  13  ?■.  th.  ich  fili;:  ;  i.o7; 

ireront  ts.‘:Tip-- ratu;  es;  ei  t:.-' 

;  .  17  ■  h; - T--  l‘)u  K; 


Fig.  9  -  Ar/R  vs.  Fi.o  for  a  158  A  thick  l 

t-o:r.pcraturer-  of  th-;>  sa.:;ple;  — 
*  ~  T  -  2  30  K;  •.•-..T  ■=  250  K. 


i’.’.'-i r.a  annea]  i ng  at  ed  f  t-ere::: 


Fiq,  10  -  AR/R  v«,  tcf.p-sraturo  'i  at  a  itx'a  ircaue:scy  --  3.7  s-V) 

c;or'ri'.;no:idLnq  to  the  i;;aK’ e;  she  se-r  •  ah  .  ■  p!  h 

o  o 

for  q::?nched  layisrs  19  thick  a;:a  153  /k  thick  —  -t - (■• 


(inner  ordinates  sc.ilt'  at  the  l.ft) 


srve  for  th.e  153  A 


thick  filn  was  reduced  by  a  factor  of  10.  The  d.c  resista.nce 

O 

variation  of  80  A  thick  silvt-'r  deno-jit  quenched  at  120  K  on 

O 

a  sliver  substrate  270  A  thick  are  als'.o  shown  ( - , ordinate 

scale  at  the  right,  after  Chauvir.eau  (47)}  togeth.er  witis  the 
SEP.S  intensity  of  the  1005  cn  '  pyridine  line  after  Pockrand 
and  Otto  (48)  (outer  ordinate  scale  at  the  left  - ). 


Fig,  11  -  Corrp'.sted  values  of  AR/R  vs.  t:  j  "or  .i  sup-' rr  ic  i  il  l.tyer  57  A 

thick  with  optical  constants  o.  bulk  ::ilvur  .u-.d  a  surtacc 

2  '"C  3  " 

roughness  given  by  ‘'S  >  ---  900  .5  and  a  -  10  A  on  silver 

3  ° 

substrates  10  A  ( — - )  and  in.rinitely  thick  ( - ). 

Ar/R  vs.  fit)  for  the  same  film  wish  a  smooth  s'artnce  on  tlu: 

O 

lOOU  A  thick  silver  substrate  is  also  siw.:;;  ( - ), 


C'oii.ov;' k  .; 


V!"  •  r lc Lai  1  a'.’- 


(vS“''  ‘JOO  a  \  n  -  GOD  A 

thii  V; .  T;if-  o-atic  il  cohl; 


ciiaava  ^la  loIl  5v;_^  : 


cc'r  roi-rar.a 


val'a.c'-;  of  tha  to  !  .ixa L 


5  /  A  liitck  cn 


of  th  ‘  uioioaftLc 


a  1 1 V..- r  y uba t  ra  L(.'  1  a'JO 
rfioial  layor  v;.-r- 


cot  roar;  ana  a  a. 


fnco.C'  oi 


of  £  (uj)  and  an  ovorall  shift 


rc  Liirtion  of  too 
electron  part  r'  lu)) 


or  ti.e  in  to  ri)a:.a  contribution 


£-£  by  65  meV  tou’ 


utiras  iu'.ver 


Fi^’.  13  -  Computed  values  of  AM/R  v;;,  h.:..  lo-'  a  sil 

O 

n  silver  substrate  fil:::  1350  A  th.tck  bo 
bulk  optical  co:u;tants  rt  silv-.:'.  Th.o  r 


2  =2 

described  by  <S  >  -  900  A 


■••r  layt-r  57  T\  th.ick  on 
r.  filt'.s  havino  the 


rougnness  is 


--  lOO,"'.. and  1200  A,  The 


case  of  a  r.itoetii  surf ac-,;  is  also  repres  -n 


Fiq.  M  -  Computed  voUtu;  of  .'.R/P  vs.  lot-  a  suptv'icial  layer  19  A 

thick  on  a  substra.te  836  A  thick  both,  having  the  bulk  silver 
optical  constants.  The  roughness  of  the  superficial  layer  is 

o  2  ^2  ®  2 

characterised  by  O  --  50C  A  and  <S  >  =  225  A  ,  100  A  and 
“2 

0  A  . 


Fig.  15  -  Electron  raicroscope  photograph.a  of  carbon  replicas  made  at' 
room  temperature  by  evaporating  C  at  an  angle  of  incidence 
of  45  degrees  :  a)  bare  silver  surface  ;  b)  the  silver  surface 


red  with  a  5  A  aliminiun  iaver, 


■j-i'.e  oar  corresoon^ 


to  10  A. 


Fiej.  16  -  Differential  rc'^f  lect  i  vi  ty  Ar/R  vs,  hjj  bet'..'een  a  silver  film 

O 

1470  A  thick  quenched  on  a  substrate  at  153  K  and  the  same 

O 

covered  by  5  A  of  A1  and  exposed  to  45  L  of  0^ .  The  discon¬ 
tinuous  lines  gives  AU/R  during  annealing  at  various  tenpera- 
turo;i  (indicated  at  the  left  of  the  curves).  Each  curve  is  sliifto, 
by  2.5  10 


f  n  J .  1  7 


D  i  l  t  r 


-  JG  - 

o 

i-riLial  i  o  C  It i- V  L  t  y  Ak/:;  v: .  ;  '-'..'■■''r.  ri  lo3G  /G  ti. 

silver  liln  qiit-riched  or.  e.  siib  ; i  r e  r;t-  !d3  K  a.'td  the  r; 

O 

covc:red  by  2.6  A  ot  Cii  (corv.;  IZ)  end  -exposed  to  150  L  o: 
oxyger;  (carve  I).  The  disco.nt  i  .eu^us  1  i;-.:.-.-;  givt.-  the  AR/M 
values  during  annealing  at  dii  ierent  tee.y  .d  rat.ures  (ind'-  '-i 
at  the  ltdCt  of  the  curves)  .  Each,  curve  i;-.  shifted  by  1C 

iTcj.  18  -  Kef  1-dctiv  L  ty  R  vs,  ’t’le  e.r  n-:-.ir  n;;-.  li  i  p. ih  fer  s  i  h. 

O 

film  approximately  1400  A  thick  quenched  on  a  fused  si  lie 
plate.  Curve  A  corresponds  to  m.t<isurem-“r. t s  ;  ro;r:  the  vac  -u 
side  at  low  temperature  and  curve  3  to  th.e  same  perfor.p;ed 
room  temperature,  while  curve  C  shows  the  r,:ecisurt-ci  values 
R  at  low  temperature  but  rram  the  glass  side.  The  results 
shown  on  curves  A  and  C  v;ere  obtained  on  dirfvrcnt  sample 
The  experimental  geometry  is  skatcncd  in  the  insert. 
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